Glioblastoma (GBM) is the most common malignant tumor of the central nervous system in adults. GBM is characterized by violent invasion and poor prognosis. Commonly, there are three main conventional methods to treat GBM, surgery, radiotherapy, and chemotherapy. GBM patients have a median survival ranging from 12 to 15 months, with all tumors developing, at some point, resistance to chemotherapy. There is recently growing interest in the relationship between microRNAs (miRNAs) and chemotherapy resistance in GBM. This paper aims to explore the molecular mechanism, by which miRNAs participate in the formation of chemotherapy resistance in GBM. Here, we summarize the published data relating miRNA to chemotherapy resistance in GBM. We discuss the relationship between mechanisms that miRNA impact upon and provide insight into potential future studies and clinical therapeutics. 
intRoduCtion MicroRNAs (miRNAs) , are short (21-22 nucleotides) noncoding single-stranded RNA molecules, encoded by endogenous genes. [1] They regulate gene expression in eukaryotic organisms by incomplete binding with the 3'-untranslated region (3'-UTR) of messenger RNAs. [2] MiRNAs play an important role in tumor growth and progression by regulating tumor suppressor genes. [3] They participate in a series of biological processes in vivo including cell proliferation, apoptosis, development, metabolism, and DNA repair. They are also closely related to the occurrence and development of various diseases, especially a variety of tumors. [4] MiRNAs regulate the expression of target genes by inhibiting their translation or directly inducing the degradation of target messenger RNA. [5] Generally speaking, miRNAs play pivotal roles in multiple areas of tumor dynamics including proliferation, invasion, metastasis, and chemotherapy resistance. [6] Glioblastoma (GBM) is a type of glioma that appears mostly in adults, rapidly develops, and has a strong invasiveness mostly in the white matter of frontal and temporal lobes. GBM has a poor prognosis, with most patients dying within 2 years of diagnosis. [7] The standard treatment of GBM is surgery plus postoperative radiotherapy and chemotherapy. [8] [9] [10] Temozolomide (TMZ), an alkylating agent, is the preferred chemotherapeutic drug for GBM and can be administered orally with few adverse reactions and is used usually in conjunction with or after radiotherapy. However, the development of tumor resistance to chemotherapy is the main reason that GBM treatments are noncurative.
In recent years, it has been found that the abnormal expression of miRNAs in tumor is closely related to chemotherapy resistance in GBM. In this paper, the latest progress in the association between miRNAs and the formation of chemotherapy resistance in GBM is summarized and the targeted molecular mechanisms are discussed.
miRNAs. There is an intricate relationship between miRNAs and GBM chemotherapy resistance. MiRNAs perform different functions in tumors, which can not only lead to the formation of chemotherapy resistance but also enhance the lethal effect of chemotherapy drugs. MiRNAs are involved in GBM chemotherapy resistance mainly by inhibiting cell apoptosis, [11] mediating epithelial interstitial transformation, [12] regulating self-repair after cell injury, [13] regulating cell signal transduction pathways, [14] increasing drug inactivation, [15] mediating multidrug resistance (MDR), [16] and mediating ion channels. [17] MicroRNAs enhance chemotherapy resistance to glioblastoma MicroRNAs promote the formation of glioblastoma chemoresistance by inhibiting apoptosis Based on the findings that most chemotherapeutic drugs could induce apoptosis in cancer cells, abnormal apoptosis is a major mechanism leading to drug resistance. In a study by Shi et al., [18] they showed that aberrant miRNA expression could affect the chemotherapy sensitivity in GBM. They found that multiple miRNAs such as miR-21, miR-195, miR-455-3p, and miR-10a had a correlation with TMZ resistance. The apoptosis-promoting factor, Bax, and apoptosis inhibitor, Bcl-2, coregulate apoptosis in glioma cells. Thus, an increased Bax/Bcl-2 ratio indicates increased apoptosis. [19] In the study of Shi et al., [18] compared with untreated U87MG cells, the Bax/Bcl-2 ratio was increased in TMZ-treated U87MG cells. However, when miR-21 was overexpressed in U87MG cells, it downregulated Bax and upregulated Bcl-2, and protected the cell from apoptosis. This suggests that miR-21 can suppress apoptosis induced by TMZ in U87MG cells and promote chemotherapy resistance in glioma cells. The nuclear factor-κB (NF-κB) signaling pathway is involved in the physiological and pathological processes of inflammation, trauma, immune response, tumor proliferation, differentiation, and cell apoptosis. [20] Leucine-rich repeat flightless-interacting protein 1 (LRRFIP1) is a negative regulator of the NF-κB signaling pathway. Li et al. [21] found that miR-21 in U373MG cells could inhibit LRRFIP1 and enhance NF-κB signaling, thus, leading to inhibition of apoptosis induced by the chemotherapy VM-26. The signal transducers and activators of transcription 3 (STAT3) factor, can inhibit apoptosis in GBM by acting on the kinase pathway, pathway phosphatidylinositol 3'-kinase (PI3K)/protein kinase B (AKT). However, downregulation of miR-21 inhibits STAT3 activity. In a study by Ren et al., [22] when U251 glioma cells were treated with a combination of paclitaxel and miR-21 inhibitors, paclitaxel was lethal at a much lower concentration than treatment with paclitaxel alone. This indicates that miR-21 inhibitors could block PI3K/AKT signal pathway by inhibiting the expression and phosphorylation of STAT3 and thus suppressing apoptosis in GBM. Ujifuku et al. [11] established a chemoresistant cell line U251R from a TMZ-sensitive GBM cell line U251MG and found that three miRNAs (miR-195, miR-455-3p and miR-10a) were highly expressed in U251R cells. They showed that by inhibiting miR-455-3p or miR-10a, U251R cells became TMZ sensitive. Thus, miRNAs can increase TMZ resistance in glioma cells by inhibiting TMZ-induced apoptosis.
MicroRNAs may increase glioblastoma resistance by inducing drug inactivation
Chemotherapy drugs act as cytotoxic agents after entering cells, but many miRNAs help degrade chemotherapy drugs by regulating the expression and activity of intracellular enzymes such as cytochrome P450 isoenzyme (CYP3A4) and increase the chemotherapy resistance in GBM. Most drugs are metabolized by CYP3A4, and the expression of CYP3A4 is negatively regulated by the nuclear receptors, 1,25-dihydroxy Vitamin D 3 , and progesterone X receptor (PXR). [23] These receptors are inhibited posttranslationally by multiple miRNAs. MiR-27b and miR-125b can inhibit the 1,25-dihydroxy Vitamin D 3 receptor, [24] and the PXR receptor is inhibited by miR-148a, [25] which resulted in increased CYP3A4-induced chemotherapy metabolism and resistance.
MicroRNAs induce the formation of chemoresistance in a way of multidrug resistance in glioblastoma
MDR is a main reason for cancer chemotherapy failure, and the mechanism of MDR is complex. It contains a p-glycoprotein, MDR related protein family, human breast cancer resistant protein adenosine triphosphate (ATP)-binding cassette superfamily G member 2 (ABCG2) and 45 other related proteins. [26] Again, miRNAs can regulate MDR components at the posttranslational level. P-glycoprotein, a transmembrane glycoprotein, can transport drugs from intracellular to extracellular, and thus reduce the intracellular concentration of drugs and lead to chemoresistance. [16] In GBM chemoresistance cells, miR-451 and miR-27a were observed to be highly expressed. Moreover, inhibiting miR-451 and miR-27a lead to decreased p-glycoprotein. Consequently, this leads to a reduction in the intracellular drug efflux, suggesting the positive regulatory significance of these two miRNAs on mediating the drug efflux pump. Human breast cancer drug resistance protein ABCG2, an important drug efflux protein in cells, could aid in the development of MDR by excluding drugs from cells depending. [27] Li et al. [28] found that miR-328 could degrade ABCG2 and decreased expression of miR-328 in GBM cells promoted ABCG2 and chemotherapy resistance. Therefore, miRNAs can participate in GBM chemotherapy resistance through MDR.
MicroRNAs reduce the chemotherapeutic resistance of glioblastoma MicroRNAs reduce glioblastoma resistance through ion channels
Ether-a-go-go potassium channel 1 (EAG1) is a member of EAG potassium channel family. EAG1 inhibitor can block cell cycle in premitosis. [29] Bai et al. [14] found that high expression of miR-296-3p functioned to suppress EAG1 protein and then lower the resistance to chemotherapy drugs. In comparison with parental U251 cell lines, miR-296-3p is downregulated in U251AR cells with chemotherapy resistance. With increased EAG1 protein expression, there was cell cycle arrest and resistance to chemotherapy. Other data showed that overexpression of miR-296-3p made cells sensitive to imatinib, while downregulation of miR-296-3p increased chemotherapy resistance in GBM. [14] Hence, miR-296-3p may hinder the formation of imatinib resistance in GBM by regulating EAG1.
MicroRNAs reinforce glioblastoma's sensitivity to chemotherapy by retarding DNA damage repair
The enzyme, O-6-methylguanine-DNA methyltransferase (MGMT), helps repair DNA damage caused by alkylating agents. [30] It was observed that miR-198 acted directly on MGMT, and there is a negative correlation between the protein level of MGMT and miR-198 levels. In TMZ resistant GBM cells, overexpression of miR-198 re-established TMZ sensitivity. [31] Quintavalle et al. [32] discovered that miR-221/222 can also depress the expression of MGMT through direct interaction with MGMTs 3′-UTR, leading to decreased DNA damage repair and increased TMZ sensitivity. MiR-603 transcript was also shown to have a negative correlation with MGMT. [13] As expected, overexpression of miR-603 in the GBM cell line, A1207, resulted in downregulation of MGMT and increased TMZ sensitivity. [13] 
MicroRNAs decrease glioblastoma resistance by mediating epithelial-mesenchymal transformation
Epithelial-mesenchymal transformation (EMT) has been considered a key factor in the formation of chemotherapeutic resistance in GBM. [33] A study has shown that human embryonic protein Snail family transcriptional repressor 2 (SNAI2), a zinc finger transcriptional suppressor, can induce tightly bound epithelial cells to rupture into a loose mesenchymal phenotype, namely EMT. [34] MiR-203 has a disruptive effect on SNAI2 by binding to its 3′-UTR. [34] Liao et al. [12] found that miR-203 expression was significantly downregulated in resistant GBM cells U251AR and U87AR, with increased expression of SNAI2 and formation of a EMT-like phenotype. After miR-203 transfection, SNAI2 decreased, and EMT was reversed, along with sensitivity to imatinib. Therefore, miRNA may increase the chemotherapeutic sensitivity of GBM by mediating EMT.
the pRobable meChanism oF miCRoRnas
There seems to be a balance within the cell between miRNAs that promote and inhibit chemotherapy resistance [ Figure 1 and Table 1 ]. However, when the expression of one of these miRNAs is either increased or decreased, this balance is disturbed and chemosensitivity is affected. The downstream effect of this imbalance can lead to several possible mechanisms: (1) Apoptosis: miR-195, miR-455-3P, miR-10a can inhibit apoptosis by inhibiting cell damage, and miR-21 has powerful and complicated functions that inhibit apoptosis by reducing the Bax/Bcl-2 ratio, promote the NF-κB and PI3K/AKT pathways. 
ConClusion
Understanding the relationship between miRNAs and chemotherapy resistance could impact therapy in GBM. For that reason, in this paper, we review the effects of several related miRNAs on GBM resistance and their possible mechanisms, providing a basis for the treatment of chemotherapy resistance in GBM patients. The advantage of miRNA-based targeted therapy is that it exists naturally in cells and has high specificity for binding to targets. However, our understandings of these interactions are still basic at present. Therefore, before using miRNAs for chemotherapy resistance in GBM patients, further work is needed to fully understand their complex interactions. [11] miR-21 Increase chemoresistance Apoptosis Ren et al. [22] miR-27b and miR-125b Increase chemoresistance Drug inactivation Mohri et al. [24] miR-148a Increase chemoresistance Drug inactivation Takagi et al. [25] miR-451 and miR-27a Increase chemoresistance Multidrug resistance Li et al. [27] miR-328 Increase chemoresistance Multidrug resistance Li et al. [28] miR-203 Decrease chemoresistance EMT Liao et al. [12] miR-296-3p Decrease chemoresistance Ion channel Bai et al. [14] miR-198 Decrease chemoresistance DNA damage repair Nie et al. [31] MiRNA: MicroRNA, EMT: Epithelial-mesenchymal transformation
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